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In the respiratorymanagement of DMD patients it is still under debatewhat parameter should indi-
cate the correct timing for institution of nocturnal non-invasive ventilation (NIV), in addition to
forced vital capacity, which is generally considered as a prognostic marker of disease progression.
The aim of this study was to determine if volume variations of rib cage and abdominal compart-
ments measured by Opto-Electronic Plethysmography can be helpful to distinguish between those
patients who are in the early stages of nocturnal oxygen desaturation development and those who
do not yet.
Pulmonary function, abdominal contribution to tidal volume and to inspiratory capacity (%Abd
IC) and a set of breathing pattern indexeswere assessed in 40 DMDpatients older than 14 years and
not yet under nocturnal NIV.
ROC analysis revealed that among all the considered parameters, %Abd IC in supine positionwas
the best discriminator between DeSat (at least 10% of the night timewith SpO2< 95%) and NonDe-
Sat patients, providing an area under the curve with 95%CI equal to 0.752.2 2399 9006.
limi.it (A. Aliverti).
to this manuscript.
1 Elsevier Ltd. All rights reserved.
Low abdominal contribution to breathing in DMD 277In conclusion, in adolescents and adults DMD patients who present either no sign or only mild
nocturnal oxygen desaturation, a reduced abdominal contribution to inspiratory capacity is
a marker of the onset of diaphragm weakness and should be considered to identify the correct
timing for the institution of nocturnal NIV.
ª 2011 Elsevier Ltd. All rights reserved.Introduction
Respiratory failure, often in association with aspiration and
infection, is a common cause of death in patients with
primary neuromuscular disease, usually when there is
a severe and generalized disability. Duchenne Muscular
Dystrophy (DMD) is associated with gradual loss of muscle
function over time. Loss of respiratory muscle strength,
with ensuing ineffective cough and decreased ventilation,
leads to retained secretions, pneumonia, atelectasis and
respiratory insufficiency while awake and during sleep.1
It has been shown that some DMD patients with
extremely impaired respiratory function, assessed by
spirometric measurements, can breathe autonomously,
while some others need nocturnal ventilatory support.2
Most patients do not realize when they have lost respira-
tory muscle strength to the point that they have no longer
an effective cough until a respiratory viral infection leads
to a prolonged cough or to a pneumonia. Careful serial
assessment of respiratory function, which includes
spirometry, maximum inspiratory (MIP) and expiratory
(MEP) pressure, blood gas analysis and polysomnography
has been shown to generally prevent these complications.
Spirometric parameters such as forced vital capacity (FVC)
and forced expiratory volume in 1 s (FEV1) have been
recently proposed as prognostic markers of disease
progression, daytime predictors of the severity of hypo-
ventilation and oxygen desaturation during sleep and
possible indexes for guiding the time of nocturnal non-
invasive ventilation (NIV) intervention.3e7 Bach et al have
recently proposed a set of other indexes based on different
combinations of breathing pattern and spirometric param-
eters as indicators for institution of nocturnal NIV in DMD
and other neuromuscular disorders.7e9 However, there is no
general consensus on what parameters should indicate the
correct timing of ventilator use.
In our previous study10 we applied Opto-electronic
Plethysmography (OEP)11e13 for chest wall kinematics
analysis during spontaneous breathing of a large cohort of
DMD patients spanning the age range 6e28 years and we
found that in this condition the lowering of the abdominal
contribution to tidal volume, suggesting the impairment
of diaphragm, is an important marker of the progression
of the disease and an early indicator of nocturnal
hypoxemia.
In the present study we specifically focus the attention
on DMD patients older than 14 years and not yet under
nocturnal NIV. The question of the study is whether the
analysis of the patterns of thoraco-abdominal volume
variation obtained by OEP can be helpful to distinguish
between those patients who are in the early stages of
nocturnal oxygen desaturation development and those who
do not yet.We hypothesized that an altered distribution of volume
variations into the rib cage and abdominal compartments,
in particular a reduced contribution of the abdominal
compartment to quiet breathing and maximal inspiration,
can be considered as a marker of diaphragmatic weakness
and therefore as a daytime early indicator of nocturnal
hypoventilation, alternatively or in addition to the para-
meters of conventional lung function tests.Materials and methods
Subjects
Forty DMD subjects attending IRCCS “E. Medea” Institute as
inpatients for periodic clinical assessment, older than 14
years and not yet under nocturnal non-invasive mechanical
ventilation and 19 age-matched healthy male subjects
recruited as controls were included in the study.
The diagnosis of DMD was made on the basis of tradi-
tional diagnostic criteria: progressive muscular deficit
resulting in severe motor disability; increased muscle
plasma enzymes; muscle biopsy identifying muscular
degeneration and absence of dystrophin; alterations in the
DMD gene (deletions, duplications or point mutations).6,14
Clinical information such as Body Mass Index (BMI),
presence and severity of scoliosis, spinal fusion, cardiac
dysfunction and treatment with steroids were recorded.
All subjects or parents signed a written informed
consent form, as approved by the Local Ethical Committee
of IRCCS “E. Medea” Institute. The study was approved by
the Institute’s Human Ethics Committee according to the
declaration of Helsinki.Measurements and protocol
Pulmonary function tests
Pulmonary function analysis was performed in all patients.
Measurements of FVC, FEV1 and peak expiratory flow (PEF)
were performed in seated position with a flowmeter
attached to a flanged rubber mouthpiece with the nose
occluded (Vmax series 22, SensorMedics, Yorba Linda, USA).
Subdivisions of lung volume (Functional Residual Capacity,
FRC; Residual volume, RV and Total Lung Capacity, TLC)
were measured by the nitrogen washout technique (Vmax
series 22, SensorMedics, Yorba Linda, CA). Nocturnal
oxygen saturation (SpO2) and pulse rate was measured using
a digital pulse oximeter (Nonin, 8500 digital pulse oximeter
Quitman, TX) in one occasion. Pulse oxymeter was posi-
tioned by specialized personnel and only recordings longer
than 8 h were considered as acceptable, otherwise
measurements were repeated during the following night.
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Opto-Electronic Plethysmography (OEP System, BTS, Milan,
Italy) was applied for the measurement of total and
compartmental chest wall volume variations during Quiet
Breathing (QB) over a period of 3 min followed by two Slow
Vital Capacity (SVC) maneuvers with an interval of 30e40 s
in between. SVC maneuvers were performed with an
inspiratory capacity followed by an expiratory vital
capacity. All subjects were studied first in seated and
successively in supine position. In seated position, healthy
subjects were sitting on a bed without back support, while
DMD patients were sitting in their own wheelchair. In supine
position, all subjects were lying on a rigid bed. In order to
allow a comfortable position during data acquisition, the
legs of the patients were supported by a pillow positioned
under the knees. In healthy subjects 89 and 52 markers
were used respectively in seated and supine position.15 In
DMD patients, 52 markers were used for both positions.10
The three-dimensional coordinates of the markers,
measured by OEP system, were used to compute the
volume enclosed by the entire chest wall (VCW) and its
different thoraco-abdominal compartments (pulmonary rib
cage e VRC,P, abdominal rib cage e VRC,A and abdomen e
VAB) as previously described.
16,17 For the purposes of the
present study, the rib cage (RC) was considered as a single
compartment and VRC,P and VRC,A were added to provide its
volume (VRC).
Quiet breathing
From total and compartmental chest wall volume tracings,
the following parameters were considered for the analysis
of quiet breathing: tidal volume (VT, [L]) as the average
total chest wall volume variations, respiratory rate (RR,
min1), minute ventilation (VE, [L/min]), rapid and
shallow breathing index, RSB Z RR/VT (L
1$min1) and
percentage contribution of abdominal compartment to
tidal volume.
Slow vital capacity
From chest wall volume traces during Slow Vital Capacity
maneuvers, the following parameters were calculated:
Inspiratory Capacity (IC, [L]), Vital Capacity (VC, [L]),
Expiratory Reserve Capacity (ERV, [L]) and percentage
contribution of abdominal compartment to IC.
Other breathing indexes
From the above described OEP parameters, the following
breathing indexes were calculated: VT/VC, RR/VC
(L1$min1),9 Breathing Intolerance Index: BITIZ (TI/TTOT)
$(VT/VC),
8 Ventilator Requirement Index: VRI Z BITI$RR
(min1),7 where TI and TTOT respectively are inspiratory and
total respiratory cycle times.
Subdivision of DMD patients’ group
The data of DMD patients were split into two groups,
considering the time spent with low oxygen saturation
during night. In order to identify patients with mild signs of
nocturnal oxygen desaturation, subjects who spent at least
10% of the night time with SpO2 < 95%, rather than the most
commonly used threshold of 90% defined by recent guide-
lines,6 were classified as ‘DeSat’, while the other patients
were considered ‘NonDeSat’.10Statistical analysis
Sample sizes were calculated by referring to previously
published data of abdominal contribution to tidal volume
during quiet breathing in both healthy controls and DMD
patients,10 by choosing an a value of 0.05 and a desired
power of 0.80.
Differences between the two groups of DMD were eval-
uated by parametric unpaired Student t-test and in the
cases where the data were not normally distributed non-
parametric ManneWhitney test was applied. The same
tests were performed for the comparison between the
whole DMD Group with Control Group, NonDeSat and
Control Group and DeSat and Control Group.
Receiver operating characteristic (ROC) curves were
calculated on the selected spirometric, OEP parameters
and breathing indexes that resulted to be statistically
different between DeSat and NonDeSat patient groups. The
95% confidence interval of the area under the normalized
ROC curve (AUC) was calculated as described by Hanley and
McNeil.18
The level of significance was set at p < 0.05 for all
statistical analyses. Values in text, tables and figures are
group means  standard deviation. All computations were
performed with SPSS version 11.0 for Windows; SPSS, Chi-
cago, IL.Results
Clinical data
As shown in Table 1, DeSat and NonDeSat groups were
homogeneous in age (p > 0.05) and their anthropometric
characteristics were similar. All the DMD patients were
wheelchair-bound and the average age at loss of ambula-
tion was 11.5 years. 17 patients out of 40 had been under
steroids treatment for at least 4.2  1.3 years, 7 belonging
to the DeSat group and 10 belonging to the NonDeSat group.
Most of the patients (38 out of 40) were presenting scoli-
osis. Six patients underwent posterior spinal fusion for
scoliosis at a mean age of 14.75  1.5 years, 2 belonging to
the NonDeSat Group and 4 to the DeSat Group and the data
here reported were carried out in average 1.8  1.0 years
after the spinal surgery. 19 patients were presenting heart
dysfunction (identified mainly with a left ventricle ejection
fraction lower than 50%), 11 in NonDeSat Group and 8 in
DeSat Group. All patients with cardiac dysfunction were
under b-blockers or ACE inhibitors or both treatments. Only
one of the DMD subjects had percentage of time with
SpO2 < 90% higher than 5% of night time.
Spirometric and lung volume data
DMD patients presented reduced values for FVC, FEV1, PEF,
TLC and VC, both absolute and predicted values, whereas
RV was markedly increased and FEV1/FVC ratio was very
similar to normal (Table 2). Although all the average lung
function data of the DeSat Group were lower than those of
NonDeSat Group, only the predicted values of FEV1, PEF and
TLC were statistically significant different (p < 0.05).
Table 1 Anthropometric and clinical characteristics of the subjects.
NonDeSat group DeSat group Control group
N 21 19 19
Age (years) 17.7  2.4 18.5  3.6 18.1  6.8
BMI (km*m
2
) Normal 9 9 19
Underweight 7 6
Overweight 3 3
Obesity 2 1
Scoliosis Absent 2 0
Mild 4 0
Moderate 9 11
Severe 4 4
Spinal fusion 2 4
Steroids Long term 10 7
No 11 12
Heart dysfunction
(LVEF < 50%)
11 8
%SpO2 100e95 97.9  3 66.1  27.8
94e90 2  3 31.8  26.1
89e85 e 1.83  4.2
84e80 e 0.28  0.9
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In supine position, no differences between the whole DMD
group and the controls were found in all the ventilatory
parameters (i.e., V’E, VT, RR and RSB) during spontaneous
Quiet Breathing (Table 3). On the other hand, the slow vital
capacity maneuver provided values of IC, VC and ERV
significantly lower in DMD patients. In particular, the lower
values of VC determined all the breathing indexes to be
significantly lower in DMD than in controls. When consid-
ering the two DMD subgroups, however, only VRI wasTable 2 Spirometric and lung volume data of the DMD
patients.
Parameter NonDeSat group DeSat group
FVC [L] 1.7  0.8 1.4  0.7
FVC [% pred] 44.3  21.1 35.5  18.6
FEV1 [L] 1.4  0.5 1.1  0.6
FEV1 [% pred] 44.8  20.0 33.9  22.0a
FEV1/FVC [%] 84.6  15.3 81.1  12.0
PEF [L$sec1] 3.2  1.1 2.5  0.9
PEF [% pred] 45.9  20.4 33.3  14.1a
TLC [L] 3.5  1.0 3.0  1.1
TLC [% pred] 67.1  16.2 58.0  24.7a
RV [L] 1.7  0.6 1.6  0.6
RV [% pred] 143.6  39.3 134.6  60.1
FRC [L] 2.2  0.6 2.0  0.7
FRC [% pred] 86.9  19.6 80.7  34.9
a p < 0.05 in the comparison with NonDeSat Group.significantly higher for patients belonging to the DeSat
group than those of the NonDeSat group.
In seated position, DMD patients showed lower minute
ventilation than controls during Quiet Breathing. This was
associated to lower tidal volume, similar breathing
frequency and, consequently, higher RSB. Again, all the
parameters obtained during Slow Vital Capacity were lower
in DMD than in controls and consequently the breathing
indexes resulted higher. When considering the two DMD
subgroups, only minute ventilation and VRI were signifi-
cantly higher in patients belonging to the DeSat group
compared to those of the NonDeSat group (Table 3).
In the whole DMD group, the contribution of abdominal
compartment to tidal volume was significantly lower than
controls in both postures and this was particularly evident
for supine position (p < 0.001) (Fig. 1). When considering
the two DMD subgroups, however, only patients belonging
to the DeSat group had values of abdominal contribution to
tidal volume significantly lower than controls. In supine
position abdominal contribution of patients of DeSat group
were statistically lower than those obtained for patients of
NonDeSat group.
The analysis of abdominal contribution to Inspiratory
Capacity revealed differences between the two postures
(Fig. 2). In seated position, the whole DMD group and the
DeSat subgroup had significantly lower abdominal contri-
bution to IC compared to healthy subjects. No statistically
significant differences between DeSat and NonDeSat groups
were found. In supine position, however, not only differ-
ences between DMD patients and Control Group were
found, but also between DeSat and NonDeSat subgroups
(Fig. 2). The whole DMD group presented significantly lower
Table 3 Ventilatory parameters obtained from OEP measurements in seated and supine position.
Parameter Control NonDeSat group DeSat group
Supine
V’E [L$min
1] 6.9  2.7 6.5  2.6 6.4  1.4
RR [min1] 18.8  4.1 20.3  4.3 21.8  5.3
VT [L] 0.4  0.2 0.33  0.15 0.31  0.06
RSB [L1$min1] 59.7  32.5 71.2  31.8 75.3  29.5
IC [L] 3.1  1.1 1.7  0.8b 1.35  0.6b
VC [L] 4.1  1.4 1.8  0.9b 1.5  0.7b
ERV [L] 1.1  0.4 0.15  0.2b 0.1  0.2b
VT/VC 0.107  0.06 0.198  0.08b 0.276  0.15b
BITI 0.048  0.03 0.09  0.04b 0.18  0.27b
VRI [min1] 0.88  0.61 1.70  0.66b 4.15  7.03b,c
RR/VC [min1$L1] 5.55  3.5 12.85  5.43b 21.89  17.27b
Seated
V’E [L$min
1] 9.7  3.5 4.9  0.9b 5.6  1.0b,c
RR [min1] 18.8  4.4 19.6  4.4 22.4  4.9a
VT [L] 0.5  0.2 0.27  0.09b 0.26  0.08b
RSB [L1$min1] 43.2  23 83.6  39.8b 95.6  38.8b
IC [L] 2.5  0.8 1.2  0.8b 0.9  0.5b
VC [L] 4.3  1.5 1.8  1.0b 1.4  0.8b
ERV [L] 1.8  0.7 0.6  0.6b 0.5  0.4b
VT/VC 0.134  0.06 0.19  0.12 0.23  0.11b
BITI 0.058  0.033 0.091  0.073 0.095  0.037b
VRI [min1] 1.082  0.735 1.757  1.58 2.15  0.93b,c
RR/VC [min1$L1] 5.387  3.353 14.812  11.62b 21.97  13.09b
a p < 0.05 in the comparison with Control Group.
b p < 0.001 in the comparison with Control Group.
c p < 0.05 in the comparison with NonDeSat Group.
280 M. Romei et al.abdominal contribution to IC than Control Group. Abdom-
inal contribution to IC of NonDeSat group was comparable
with Control Group data, whereas patients of DeSat group
had abdominal contribution to IC significantly lower than
Control group and than NonDeSat group (p < 0.001 and
p < 0.01, respectively).ROC analysis
In addition to those parameters that resulted to be signifi-
cantly different between DeSat and NonDeSat groups, pre-
dicted FVC was also included in ROC analysis, because this
parameter is the respiratory prognostic marker mostlyFigure 1 Mean values  standard deviations of abdominal perce
seated (left panel) and supine (right panel) position. Black bars: h
Group. BBB: p < 0.001 vs. Control Group *: p < 0.05, vs. NonDeSatconsidered in DMD. In Table 4 the area under the ROC curve
(AUC), the optimal cut-off value and the resulting sensitivity
and specificity values are shown. The highest AUC was found
for abdominal contribution to IC in supine position (Fig. 3).Discussion
The identification of daytime predictors of nocturnal
hypoventilation is a widely investigated issue, because
there is still uncertainty about the appropriate time to start
nocturnal NIV in DMD patients.19e24 A considerable number
of adolescents and young adult patients with DMD present
either no sign or only mild nocturnal oxygen desaturation.ntage contribution to Tidal Volume during Quiet Breathing in
ealthy controls; white bars: NonDeSat Group; gray bars: DeSat
Group.
Figure 2 Mean values  standard deviations of abdominal percentage contribution to Inspiratory Capacity during Slow Vital
Capacity maneuver in seated (left panel) and supine (right panel) position. Black bars: healthy controls; white bars: NonDeSat
Group; gray bars: DeSat Group. BB,BBB: p < 0.01, p < 0.001 vs. Control Group **: p < 0.01 vs. NonDeSat Group.
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patients do not require nocturnal NIV.
The main finding of this paper is that, within such pop-
ulation of DMD patients, thoraco-abdominal kinematics in
awake conditions provides parameters which are different
between the patients who present mild signs of oxygen
desaturation (i.e., who spent at least 10% of their night
time with the percentage of nocturnal oxygen saturation
lower than 95%) and those who do not. In particular, we
found that abdominal contribution to tidal volume and,
more markedly, to inspiratory capacity is significantly lower
in DeSat than NonDeSat patients. Because abdominal
contribution to inspiration reflects diaphragm displace-
ment, our finding suggests that in DeSat patients diaphragm
involvement is more pronounced than in NonDeSat. It is
known that during rapid eye movement sleep muscular
atonia is maximal and the diaphragm should be the only
respiratory muscle active.26,27 Therefore, DeSat patients,
although not yet fulfilling the international criteria for
nocturnal NIV,28 should be carefully monitored and seem to
more rapidly become at risk of significant sleep-related
hypoventilation and hypoxemia.Table 4 Results of ROC analysis.
Parameter AUC with 95%CI
Pulmonary function FVC pred 0.647 (0.468 to 0.82
PEF pred 0.685 (0.516 to 0.85
TLC pred 0.695 0.522 to 0.869
FEV1 pred 0.7 (0.521 to 0.87
Abdominal contribution % Abd QBa 0.694 (0.528 to 0.86
% Abd QBb 0.680 (0.508 to 0.85
% Abd ICa 0.754 (0.600 to 0.90
% Abd ICb 0.556 (0.368 to 0.74
Breathing indexes VRIa 0.684 (0.513 to 0.85
VRIb 0.706 (0.538 to 0.87
BITIa 0.674 (0.504 to 0.84
BITIb 0.632 (0.453 to 0.81
RR/VCa 0.662 (0.482 to 0.84
RR/VCb 0.680 (0.505 to 0.85
a Supine position.
b Seated position.Although several studies were conducted aimed at
identifying indexes obtained by spirometry, lung volume
and breathing pattern able to give indications related to
the respiratory muscle weakness in neuromuscular disor-
ders which could be useful as daytime predictors of sleep
breathing related disorders and indicators for the correct
timing of nocturnal NIV,3,21,23 a general consensus is still
missing.
Recently, FVC < 30% pred has been indicated as the
criterion for establishing nocturnal NIV in DMD patients.28
Hukins and Hillman3 found that FEV1 < 40% pred is a sensi-
tive indicator of sleep hypoventilation. Toussaint et al.
(2007)24 reported that VC > 1820 ml resulted to be the best
discriminator for sleep-related hypercapnia. Dedicated
indexes such as non invasive Tension-Time Index,29
Breathing Intolerance Index (BITI)8 and Ventilator
Requirement Index (VRI)7 have been recently proposed to
discriminate those patients with neuromuscular disease at
risks for respiratory muscle fatigue approaching the need
for assisted ventilation.
The ROC analysis reported in the present paper shows
that among all the considered parameters, includingOptimal cut-off point Sensitivity Specificity
5) 31% 81% 56%
4) 35% 81% 61%
) 50.5% 90.5% 47.3%
9) 33.5% 75% 66.6%
1) 36.2% 76% 58%
2) 26.1% 76% 50%
9) 25% 62% 79%
3) 12.8% 62% 28%
5) 2.22 53% 81%
5) 1.75 66.7% 71%
4) 0.079 74% 48%
2) 0.060 77.8% 52%
1) 17.7 48% 81%
5) 16.4 61% 76%
Figure 3 ROC curves of predicted Forced Vital Capacity (FVC
pred), Ventilatory Requirement Index (VRI), Abdominal
percentage contribution to Inspiratory Capacity and Tidal
Volume in supine position between DeSat and NonDeSat
groups.
282 M. Romei et al.pulmonary function parameters and breathing indexes such
as BITI and VRI (here considered for the first time to this
purpose), abdominal contribution to IC in supine position
provides the highest discriminative power in detecting
patients belonging to DeSat and NonDeSat group. Therefore
this parameter could be considered as an additional indi-
cator with high diagnostic accuracy in addition to the more
traditional spirometric indexes. In a previous paper10 we
have shown that abdominal contribution to tidal volume
during quiet spontaneous breathing in supine position is not
only an important indicator of the degree of respiratory
muscle impairment in DMD but also an early indicator of
nocturnal hypoxemia. In the present paper we provide
evidence that abdominal contribution to inspiratory
capacity is even more sensitive for discriminating subtle
and early signs of sleep related disturbances, as indicated
by both the higher statistical significance shown in Fig. 2
and by ROC curves shown in Fig. 3. These results suggest
that moderate diaphragmatic muscle weakness can be
better detected by abdominal displacement analysis of
a maximal maneuvers such as inspiratory capacity rather
than spontaneous quiet breathing. An important observa-
tion is that, as in our previous study,10 we found that supine
posture is more sensitive to reveal diaphragmatic weakness
than seated position. This is in line with several studies
suggesting that supine vital capacity may improve the poor
sensitivity of spirometry to detect a moderate inspiratory
muscle weakness.30e32
A strength of our study is that OEP technique is
completely non-invasive and does not require the use of
a mouthpiece, that often constitutes a problem in DMD
patients due to facial muscle weakness and macroglossia. A
limitation of OEP technique is that it represents
a measurement system widely validated in previous studies
in healthy and pathological subjects but not yet widelydiffused for clinical assessment. Therefore, it does not yet
represent a standard tool for the functional evaluation of
the chest wall, and future studies are needed to confirm
our findings onto a larger patients’ population and even-
tually on a longitudinal basis.
In conclusion, in adolescents and adult DMD patients
who present either no sign or only mild nocturnal oxygen
desaturation and who do not receive non-invasive
mechanical ventilation, abdominal contributions to inspi-
ratory capacity and tidal volume in supine position are
significantly lower in those patients with mild desaturation
during sleep. These parameters are indicators of the onset
of moderate diaphragm weakness and should be considered
as additional new indexes in order to monitor patients who
still do not fulfill the criteria for nocturnal ventilation and
to identify the correct timing for the need of ventilatory
support.
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